Roles for both the tripeptide, GSH, and individual amino acids in modifying the cellular response to oxygen deprivation-induced injury have been suggested by prior work in kidney and other tissues, but the precise interrelationships have not been clearly defined. We have studied the effects of GSH, its component amino acids, and related compounds on the behavior of isolated renal proximal tubules in a well characterized model of hypoxic injury in vitro. GSH, the combination of cysteine, glutamate, and glycine and glycine alone, when present in the medium during 30 min hypoxia, a duration sufficient to produce extensive irreversible injury in untreated tubules, were protective. Significant effects were detected at 0.25 mM concentrations of the reagents, and protection was nearly complete at concentrations of 1 mM and above. Glutamate and cysteine alone were not protective. The exogenous GSH added to the tubule suspensions was rapidly degraded to its component amino acids. Treatment of tubules with GSH or cysteine, but not glycine, increased intracellular GSH levels. Oxidized GSH was protective. Serine, N-(2-mercaptopropionyl)-glycine, and a panel of agents known to modify injury produced by reactive oxygen metabolites were without benefit. These observations identify a novel and potent action of glycine to modify the course of hypoxic renal tubular cell injury. This effect is independent of changes in cellular GSH metabolism and appears to be unrelated to alterations of cell thiols or reactive oxygen metabolites. Further elucidation of its mechanism may provide insight into both the basic pathophysiology of oxygen deprivation-induced cell injury and a practical way to ameliorate it.
precise sequence of events has not been achieved for any tissue and is particularly complex in cell types such as the proximal renal tubular epithelium, where events occur relatively rapidly because of the dependence of these cells on high rates of oxidative metabolism. Recent studies have described the utility of isolated suspensions enriched in proximal tubules for studying the pathogenesis of oxygen deprivation-induced injury directly at the tubule cell level under highly controlled conditions in vitro and have identified substantial modulating effects on this process resulting from reduction of medium pH and treatment with high levels of exogenous nucleotides (3) (4) (5) . GSH plays an important role in protecting cells from injury produced by a variety of reactive metabolites (6) (7) (8) and has been suggested to be involved in the cellular response to oxygen deprivation and reoxygenation (9, 10) . Since this tripeptide is extensively metabolized by the kidney (11) (12) (13) , any analysis of its effects on the cellular response to injury must also include an assessment of its component amino acids, particularly in view of data indicating that amino acids influence the development of tubule cell injury (14-18). In this paper we describe striking protective effects of GSH on the development of hypoxic proximal tubule cell injury, which appear to be largely explained by a previously unsuspected cytoprotective effect of its component amino acid, glycine. This information provides a new, highly effective means of modulating the course of oxygen deprivation-induced renal tubule cell injury and probing its pathogenesis.
Methods
Animals. Female New Zealand White rabbits (Shankin's Rabbitry, Warren, MI) weighing an average of 2.5 kg were used for these studies.
Tubule isolation. The procedure was similar to that employed in recent publications from this laboratory to prepare suspensions enriched in proximal tubules (3, 4) . Rabbits were anesthetized by injection of 25 mg/kg sodium thiamylal into an ear vein. The abdominal cavity was opened, both kidneys were rapidly removed and were immediately placed into an ice-cold solution containing 115 mM NaCl, 2.1 mM KCl, 25 mM NaHCO3, 2.4 mM KH2PO4, 1.2 mM CaC12, 1.2 mM MgCl2, and 1.2 mM MgSO4 previously gassed with and kept under 95% 02/5% CO2 (pH 7.2) at 4VC (solution A). The rabbit was then killed with an overdose of thiamylal. The renal cortices were dissected on an ice-cold tile and were minced with a razor blade. All tissue from one rabbit was then placed into a siliconized 250-ml Erlenmeyer flask containing 24 ml of a solution with an electrolyte composition identical to solution A except that CaCl2 was increased to 2.4 mM; KH2PO4, decreased to 1.2 mM, and KCl, increased to 3.3 mM. The higher Ca2+ was used to facilitate the action of collagenase. Also, the medium contained 25 mM mannitol, 2.5 mg/ml fatty acid-free bovine serum albumin (BSA), 5 mM glucose, 4 mM sodium lactate, 1 mM alanine, 1 mM sodium butyrate, and 24 mg ofcollagenase (type I; CooperBiomedical, Inc., Malvern, PA). The flask was gassed with 95% 02/5% C02, sealed, and placed in a shaking water bath at 370C. The flask was then gently shaken for 30-40 min, depending on the activity of the particular lot of collagenase being used.
At the end of the collagenase treatment period, the flask was removed from the water bath, opened, and 75 ml of ice-cold solution A were added. The suspension was then filtered through a strainer to remove any remaining pieces of tissue. The filtrate was then centrifuged in two 50-ml tubes in a refrigerated centrifuge at 4VC for 2 min at 30 g to separate a pellet of intact tubules and glomeruli from subcellular debris that remain largely in the supernatant. The tubule pellet was gently resuspended in solution A and recentrifuged. This pellet was then resuspended in 10 ml of fresh solution A containing 5% BSA and was centrifuged again. The resulting pellet was resuspended in 35 Basic proceduresfor study ofthefinal tubule preparation. The final tubule pellet was resuspended to a concentration of 5-7.5 mg tubule protein/ml in a 95% 02/5% CO2 gassed ice-cold solution of the same electrolyte composition as solution A with the addition of 0.6% dialyzed dextran (T40; Pharmacia Fine Chemicals), 5 mM glucose, I mM alanine, 4 mM sodium lactate, and 10 mM sodium butyrate. Total Na' was kept constant by reducing NaCi to account for Na' added with the substrates. 5 .0 ml aliquots of this tubule suspension were placed in siliconized 25-ml Erlenmeyer flasks that were then gassed with 95% 02/5% C02, sealed, and kept on ice until use. As they were needed for experiments, flasks were placed in a shaking water bath at 370C and were gently shaken for the desired periods of warm incubation. For most oxygen deprivation studies, tubules were initially incubated at 370C for 15 min. Then flasks were gassed for 5 min with 95% N2/5% CO2, sealed, and returned to the metabolic shaker for the 30-min period of hypoxia. At the end of this interval tubules were either sampled for measurement of metabolites or were regassed for 2 min with 95% O2/5% CO2, sealed, and returned to the metabolic shaker for 60 min of continued incubation under oxygenated conditions. Measurement oftubule respiration. A sample of tubule suspension was used to fill a 1.9-ml sealed, temperature controlled (37°C) chamber equipped with a magnetic stirrer and a Clark oxygen electrode (Gilson Medical Electronics, Inc., Middleton, WI), and oxygen consumption was measured under basal conditions followed by addition ofthe mitochondrial uncoupler, carbonyl cyanide m-chlorophenylhydrazone (CCCLP)' (15 gM). Rates of oxygen consumption were factored for total suspension protein.
Measurement oftubule K+ content and protein recovery. For measurement of cell K+ levels, tubules were rapidly separated from their suspending medium by gently layering 0.5 ml of tubule suspension into a 1.5-ml microcentrifuge tube containing 0.7 ml bromododecane (Aldrich Chemical Co., Milwaukee, WI) that had previously been layered on 0.2 ml of275 mM sucrose containing 4% Ficoll (Pharmacia Fine Chemicals) to increase its density while maintaining isotonicity. The tube was then centrifuged in a microcentrifuge at maximal speed (12,000 g) for 30 s to pellet the tubules in the bottom sucrose layer. The supernatant remains above the bromododecane layer and was then removed as was the bromododecane. K+ levels of the tubules in the bottom sucrose-Ficoll layer were measured by atomic absorption spectroscopy (19) Measurement of A TP levels. To measure total suspension ATP levels, 0.4 ml of tubule suspension was added to an equal volume of 12% trichloroacetic acid in a 1.5-ml microcentrifuge tube that was vigorously mixed and then centrifuged. The supernatant was removed from the protein pellet and was neutralized and extracted by mixing with an equal volume of 0.5 M tri-n-octylamine (Aldrich Chemical Co.) in Freon-l13 (Matheson Gas Products, Inc., Seacaucus, NJ). Separation of the freon and aqueous layers was facilitated by a brief centrifugation. Then the aqueous layer was removed, filtered through 0.45-micron nitrocellulose filters, and frozen.
ATP was quantified on 20 MIl aliquots of sample by high performance liquid chromatography (HPLC) at an absorbance of 254 nm with a C18 ion pairing reversed phase column (Beckman Instruments, Inc., Fullerton, CA) using an isocratic mobile phase consisting of 19% acetonitrile, 40 mM KH2PO4, and 10 mM tetrabutylammonium dihydrogen phosphate, pH 3.5 at 240C, and a flow rate of 1 ml/min. Suspension ATP levels were factored for total suspension protein.
HPLCamino acid analysis. Samples oftubule suspending medium obtained after removal of tubules by centrifugation were derivatized using a coupling buffer consisting of ethanol/triethanolamine/water/ phenylisothiocyanate (7:1:1:1) by incubation for 20 min at room temperature. They were then vacuum dried for 5 min and dissolved in 50 mM potassium phosphate, pH 7.0, 15% acetonitrile (20). HPLC analysis of individual amino acids was done using a Nova-Pak C18 column (Waters Associates, Millipore Corp., Milford, MA), as detailed in reference 20.
Measurement ofcellular GSH levels. Tubules were separated from their medium by centrifugation through bromododecane into 12% trichloroacetic acid that was then extracted and neutralized with tri-noctylamide-freon as described for measurement of cell ATP levels. GSH was determined fluorometrically in a medium consisting of 100 mM sodium phosphate, 5 mM EDTA, pH 8.0, plus 50 ,g/ml ophthaldialdehyde at an excitation wavelength of 350 nm and an emission wavelength of 420 nm (21) .
Protein assay. Proteins were quantified by the Lowry assay with BSA as the standard (22) .
Reagents. All reagents were of the highest grade commercially available. Biochemical reagents were obtained from Sigma Chemical Co. (St. Louis, MO) unless otherwise indicated. L-amino acids were used for all studies.
Statistics. Most experiments involved repeated measures and were, therefore, assessed by paired t tests or analysis of variance using models accounting for repeated measure designs (BMDP Statistical Software, Los Angeles, CA) (23) . Individual group comparisons in the multigroup studies were then made using the Neuman-Keuls test for multiple comparisons (24).
Results
Several parameters have been found to be useful for quantitating the metabolic and structural integrity of the isolated tubule preparation. These include tubule respiratory rates, ATP levels, total cell K+ levels, and the extent of recovery of tubule protein after centrifugation through bromododecane (3, 4) . Figs. 1 and 2 and Table I summarize the effects of treatment with either 2 mM GSH or each of its component amino acids individually and in combination (2 mM cysteine plus 2 mM glutamate plus 2 mM glycine [CGG]) on the behavior of these parameters in tubules subjected to 30 min hypoxia followed by 60 min reoxygenation. 30 min hypoxia has previously been shown to produce extensive oxygen deprivation-induced tubule injury in the preparation (3, 4) .
GSH, the combination of all three of its component amino acids (CGG group), and glycine alone, but not cysteine or glutamate, substantially improved both basal and uncoupled respiratory rates of the tubules to levels approaching those of control tubules not subjected to hypoxia (Figs. 1 and 2). That this respiration was coupled to both ATP production and to utilization of ATP for maintenance of cell monovalent cation homeostasis is indicated by the similar degrees of improvement produced by GSH, CGG, or glycine in cell ATP and K+ levels ( Table I) . None of these parameters was improved by cysteine or glutamate. Protein recovery after centrifugation through bromododecane was significantly reduced after hypoxia, but not to the same degree as the respiratory rates, ATP, and K+ levels. GSH, CGG, and glycine all significantly improved protein recovery, maintaining it at the levels seen in controls. Cysteine and glutamate were without effect relative to untreated hypoxia tubules (Table I) . Fig. 2 and Table I also summarize the results of studies to determine the dose dependency of the actions of GSH and glycine. Significant effects of both compounds were detectable down to concentrations of 0.25 mM.
The behavior of metabolic parameters of oxygenated tubules exposed to GSH, CGG, glycine, or cysteine is summarized in Table II . Values are given for 15, 45, and 105 min of incubation. These durations correspond, respectively, to the initiation of hypoxia, the end of hypoxia, and the end of 60 min of reoxygenation in the oxygen-deprivation studies. Neither basal respiratory rates nor ATP nor K+ levels were affected by any of the agents. CCCLP-uncoupled respiratory rates tended to be lower after GSH, CGG, and cysteine, but the differences relative to paired controls were significant only at 15 and 45 min of incubation with cysteine. These observations indicate that the improvements in respiratory rates, ATP, and K+ levels seen in the hypoxic tubules were due to unique effects on the response to hypoxia rather than to generalized metabolic changes also seen in oxygenated tubules.
In the experiments described to this point, test agents were present from the beginning of tubule incubation at 15 min before the start of hypoxia and then throughout hypoxia and recovery. To better define the timing of the protective effects, studies were done in which GSH or glycine was present for an Both basal and uncoupled rates were significantly (P < 0.05 or better) greater than paired controls in all treated groups. Absent standard error bars were smaller than symbols for those points.
initial 30 min of preincubation, but tubules were washed2 just before starting hypoxia or the compounds were added at the start of hypoxia or at the end of hypoxia when tubules were reoxygenated. Removing GSH or glycine by a single wash before hypoxia completely eliminated their protective effects and no protection was observed when they were added at the end of hypoxia (Table III) . A high degree of protection was seen when GSH or glycine was added at the beginning of hypoxia without a period of preincubation (Table III) . Thus, GSH and glycine must be present at effective concentrations in the medium during hypoxia for their protective effects to be exerted. Neither changes in cell metabolism induced by preincubation nor effects during reoxygenation contribute to the protection. Since most protection occurred during hypoxia, tubule metabolic parameters were measured in cells at the end of hypoxia, before reoxygenation (Table I) . Cell K+ levels were just as low in GSH-and glycine-treated tubules as in untreated tubules. Cell ATP levels ofGSH-treated tubules were the same as those of untreated tubules; however, ATP levels of glycinetreated tubules were slightly, but significantly greater than those of untreated tubules. The decrement of tubule protein recovery occurred entirely during hypoxia in untreated tubules. The protective effects of GSH and glycine on this parameter were fully evident at the end of hypoxia. Table IV summarizes the results of studies with several compounds related to GSH and glycine and with other agents known to modify cell injury caused by reactive oxygen metabolites. GSSG, the oxidized form of GSH, was protective. Ser-2. For washing, the suspension from a single flask was transferred to a 1 5-ml tube in a table top centrifuge that was turned on for 15 s. This pelleted all the tubules to a degree that allowed them to be resuspended by gently inverting the tube, thus avoiding any mixing trauma. Tubules were washed in this fashion once using oxygenated medium containing all substrates, but without glycine or GSH. Then they were resuspended in a third aliquot of fresh medium. This entire procedure took 2-3 min and did not damage the tubules. Immediately after it was completed tubules were gassed with 95% NJ5% CO2 to initiate hyp- GSH added to the tubule incubation medium was rapidly degraded (Fig. 3) to its component amino acids (Table V) . At 45 min of incubation, almost all glycine added as part ofGSH was recovered as free glycine. Glycine was not extensively converted to serine. Medium glutamate levels of tubule suspensions treated with 2 mM GSH were substantially less than glycine levels, indicating further metabolism of the released glutamate. Cystine was also detected after GSH treatment (Table V) . The assay did not quantify cysteine. Tubule cell GSH levels were increased by treatment with either GSH, CGG, or cysteine, but were not changed by glycine (Fig. 4) .
Discussion
The isolated proximal tubule preparation used in this paper has been valuable for directly studying the response of tubules to oxygen deprivation-induced injury since it allows essentially complete experimental control over injurious conditions and permits simple and direct measurement of a variety of (3, 4) . In control tubule preparations the cells remain as part of tubule fragments, making it difficult to count them individually. Furthermore, during severe injury, progression to total cell disruption is common. For these reasons we have routinely emphasized metabolic rather than morphologic and vital dye studies to quantify cell injury. These measurements can also provide information on some of the major pathogenetic processes in the development ofinjury. The normal tubule incubation conditions and the metabolic substrates provided, glucose, lactate, alanine, and butyrate, optimally support respiration only by intact cells so that the respiratory rates measured after hypoxia refleci the activity of these cells (3). The respiratory rates are reduced to the extent that disrupted cells contribute to the protein content of the suspension, but not to respiratory activity, and also as a result of whatever damage has occurred to mitochondria within cells that remain intact. Suspension ATP levels also represent mainly the contribution of intact cells since any ATP generated by mitochondria from highly permeabilized or completely disrupted cells would be rapidly hydrolyzed, much like exogenous ATP added to the incubation medium (4). As a result, the decreases of ATP measured after hypoxia reflect both the fact that disrupted cells contribute to the protein content but not to the ATP levels of the total suspension and any persisting abnormalities of ATP production or utilization in the surviving intact cells.
In prior studies with the tubuie preparation, protein recovery after centrifugation through bromododecane appeared to provide a direct measure ofthe number oflethally injured cells since these cells separated from their tubule fragments and either disintegrated or did not pass through the bromododecane (3, 4) . The reductions in protein recovery were similar in degree to the decrements of cell respiration and ATP levels, thus supporting the notion that these values were derived almost entirely from the remaining intact cells and also suggesting that they had recovered to near control levels in those cells (3, 4) . Centrifugation through dibutylphthalate has been similarly utilized to quantify injury to isolated hepatocytes (27) . In the present study, the decreases of cell respiratory rates and ATP levels seen after hypoxia were slightly less severe than those reported previously; however, the decreases of protein recovery were much less extreme than in the prior studies (3, 4) and were not proportionate to the decreases of respiration and ATP levels. Observation of the fresh tubule suspensions stained with trypan blue revealed a substantial number of tubule fragments that retained their structural integrity but consisted mainly of trypan blue positive cells. These could also be found in the pellets obtained after centrifugation through bromododecane, indicating that protein recovery after the centrifugation procedure in the present study underestimated the extent of lethal cell injury. It is unclear whether the greater resistance of both tubule fragments and individual tubule cells to disruption after hypoxia is due to the slightly milder effect of hypoxia in this study or to differences in mechanical factors or collagenase relative to earlier studies. However, the respiratory rates and ATP levels now appear to be better indices of the extent of injury than protein recovery, although the latter parameter is still useful for comparing the effects of various maneuvers.
The extensive metabolism of GSH and its component amino acids by renal proximal tubules has been most completely characterized in the rat. A thiol oxidase in the basolateral membrane can convert GSH to the oxidized form, GSSG (28) . Both GSH and GSSG are rapidly degraded to cysteinylglycine plus y-glutarnyl-amino acid compounds or free glutamate by brush border y-glutamyl transpeptidase (1 1-13, 28, 29) . Cysteinylglycine is hydrolyzed by a dipeptidase to cysteine and glycine that are readily transported into renal tubule cells (1 1-13 ). Cystine is also transported by tubule cells and converted intracellularly to cysteine (12). Within the tubule cell cysteinylglycine can be resynthesized by cysteinylglycine synthetase and then converted to GSH by GSH synthetase (12, 30) . GSH, in turn, inhibits cysteinylglycine synthetase (12). Substantial amounts of intracellular GSH are secreted from tubule cells and, thus, become available for metabolism by the surface enzymes ( 12). Although extracellular cystine, cysteine, glycine, and glutamate all served as precursors for intracellular GSH synthesis by rat tubule cells, cystine or cysteine was required for increases of cell GSH, and cysteine was effective only when its concentration was < 1.0 mM (30) . Basolateral uptake of intact GSH has also been described ( 13, 31) , but its significance relative to the large fluxes of the component amino acids in regulating cell GSH levels remains under investigation.
Whether all the mechanisms that have been delineated for rat tubules are applicable to the rabbit is not known; however, the studies in this paper suggest that differences are present.
Degradation of GSH by the rabbit tubules was rapid, as reported for the rat ( 11). Cell GSH levels were substantially increased in oxygenated rabbit tubules by exogenous GSH, CGG, or cysteine alone but not by glycine alone. The ability of cysteine at a concentration of 2.0 mM to raise cell GSH contrasts with the data reported for rat tubules where only concentrations < 1.0 mM were effective for that purpose (30) . It is clear from much work with a variety of cell types that GSH plays a central role in protecting cells from injury by reactive oxygen metabolites and other activated, toxic compounds through actions to maintain protein sulfhydryl groups in the reduced state, to limit lipid peroxidation, and to directly combine with the toxic reactive metabolites (6) (7) (8) . Provision of extracellular GSH has been shown to reduce the toxicity of tert-butyl hydroperoxide and menadione to isolated intestinal cells (32) , of paraquat to isolated pulmonary epithelial cells (33) , and of cadmium to isolated hepatocytes (34) . The effects on the intestinal cells and pulmonary epithelial cells did not require GSH catabolism and appeared to involve uptake of intact GSH (32, 33) .
Much recent interest has focused on roles for reactive oxygen metabolites and alterations of cellular GSH metabolism in the pathogenesis of oxygen deprivation-induced tissue injury in a number of organs, including the kidney. GSH infusions protected the liver (9) and kidney (10) from oxygen deprivation-induced injury. Renal ischemia results in reductions of tissue GSH (35) and production during reperfusion of reactive oxygen metabolites as indicated by increases of the lipid peroxidation product, malondialdehyde (36) . Ischemic acute renal failure was ameliorated by agents that reduce the availability of reactive oxygen metabolites, including superoxide dismutase, allopurinol, and dimethylthiourea (36) .
The present study has indeed documented a major, direct protective effect of GSP on the response of rabbit renal proximal tubules to hypoxia, but the data indicate that this protection is unrelated to cell GSH or reactive oxygen metabolites.
Instead, it appears to be mediated by glycine produced from GSH metabolism. Glycine protected as well as GSH throughout the concentration range tested and the protection provided by both agents occurred during hypoxia and required their presence in the medium then. Of additional importance relative to a role for glycine under physiological conditions in vivo is the fact that the 0.25 mM concentration required for some protection to be evident is in the range of normal plasma glycine levels, 0.20-0.30 mM (13, 17) . Plasma GSH approximates 0.025 mM (13) .
In contrast to the results with glycine, little evidence of a role for extracellular or intracellular GSH or reactive oxygen metabolites was obtained. Like GSH, GSSG also protected.
Neither of the thiol reagents tested, N-(2-mercaptopropionyl)-glycine or DTT, was protective. Cysteine, which increased intracellular GSH levels nearly as much as exogenous GSH, did not protect the tubules. Furthermore, agents that ameliorate reactive oxygen-metabolite-induced injury in a variety of models (7), including superoxide dismutase, catalase, deferoxamine, 1, I0-phenanthroline, diphenylphenylenediamine, and dimnethylthiourea, were not consistently protective. We have previously shown that allopurinol is also without effect in the rabbit tubule preparation (4) .
Prior studies have indicated that amino acid mixtures may modify the response of the kidney to ischemic acute renal failure; however, both beneficial and deleterious effects have been reported (14, 15) reflecting the heterogeneous properties of individual amino acids, including the potential for direct tubule cell toxicity (16, 18). Function of isolated perfused rat kidneys spontaneously deteriorates due to hypoxic damage to the medullary thick ascending limb (17, 37) . This damage was prevented by including cysteine, glycine, and glutamate in the perfusion medium (17) . Although the amino acids increased tissue GSH levels, the protection could be dissociated from changes in tissue GSH (37) . The glycine concentration used in these latter studies, 2.3 mM, was in the range that we have found to be highly protective. That glycine would have been protective for the isolated perfused kidney if administered without other amino acids is suggested by the observation, during studies of metabolism of 5 mM glycine by the isolated perfused kidney, that no functional deterioration occurred during prolonged perfusion (25) . These data make it likely that the protective effects of glycine will be evident in further studies of the intact kidney and that this protection will not be limited to the proximal tubule or the rabbit.
The results of the present study localize the cytoprotective action of glycine to the period of oxygen deprivation. ATP levels of the glycine-treated tubules were slightly but significantly higher at the end of oxygen deprivation than in the untreated tubules. It is unlikely, however, that glycine was simply acting as a metabolic substrate or that its effects were related only to better preservation of ATP levels because ample substrates, including glucose were available in the incubation medium throughout all phases of the protocol. Also, glycine is a relatively poor substrate for energy production in the kidney (38) , and the protective effects of exogenous GSH occurred in spite of the fact that it did not maintain the slightly higher ATP levels seen with glycine alone.
Both brush border and basolateral membrane uptake mechanisms have been identified for glycine (39, 40) and it is extensively metabolized by the kidney. Metabolic processes involving glycine include: (a) Incorporation into GSH as detailed above. (b) The glycine cleavage reaction in which glycine serves as a methyl donor to tetrahydrofolate to form MN'0-methylene-tetrahydrofolate with the production of ammonia (41, 42) . (c) N5,N'0-methylene-tetrahydrofolate can serve as a methyl donor to glycine itself to form serine in a reaction catalyzed by serine hydroxymethyltransferase (25) . Glycine markedly stimulated serine production by rat tubules (25) . It did not have a substantial effect on serine production by the rabbit tubules. (d) Oxidative deamination ofglycine by glycine oxidase can convert it to glyoxylate. No evidence for this pathway was found in rat kidney slices (42) . (e) Involvement in the first step ofcreatine synthesis in which arginine and glycine are converted to guanidoacetic acid and ornithine (43) . (f) Incorporation during de novo synthesis of purines and heme (44, 45) . (g) Participation in conjugation reactions with carboxylic acids (46) (47) (48) . Glycine N-acyltransferase, which mediates production of acylglycine from acyl-coenzyme A (CoA) and glycine, has been identified in both kidney and liver (47, 48) .
The glycine N-acyltransferase reaction is of particular interest with regard to glycine's protective effects during oxygen deprivation because it provides a mechanism whereby glycine could participate in the detoxification of acyl-CoA compounds generated from fatty acids during oxygen deprivation. Inhibition of f-oxidation during oxygen deprivation leads to accumulation of these amphipathic molecules that have a significant potential to disrupt membrane structure and function because of their detergent properties (49) (50) (51) (52) . Most study of their role in oxygen deprivation-induced injury has been in myocardial ischemia. There, the increases of acyl-CoA occur predominantly in the mitochondria and are associated with inhibition ofthe mitochondrial adenine nucleotide translocase (53) . Proximal tubules use fatty acids as a main energy source (54, 55) . In the isolated tubule preparation, butyrate serves as a short chain fatty acid that is highly effective for this purpose (55) . Thus, ample substrate for accumulation of acyl-CoA is present in the experimental system. The feasibility of this mechanism for protection by glycine is suggested by its role in treatment of acyl-CoA dehydrogenase deficiencies (56) and in studies of hypoglycin. This toxic amino acid produced by the Jamaican ackee fruit is metabolized to methylene cyclopropyl-acetyl-CoA, an inhibitor of mitochondrial oxidation of short chain acyl-CoA compounds. The toxicity of hypoglycin can be markedly ameliorated by treatment with glycine which forms conjugates with both the methylene cyclopropyl-acetyl-CoA and the short chain acyl compounds that accumulate (57) . Additional experiments will be required to determine whether a similar mechanism is, in fact, operative during oxygen-deprivation injury to the isolated tubules.
In summary, both GSH and glycine provide substantial protection against hypoxic injury to isolated kidney tubules, and the major protective factor in both cases appears to be the glycine. Further studies of this process may provide insight into basic mechanisms of oxygen deprivation-induced cell injury as well as into a novel cytoprotective agent with practical applications.
